Site-specific attachment of palmitate or stearate to cytoplasmic versus transmembrane cysteines is a common feature of viral spike proteins  by Kordyukova, Larisa V. et al.
Virology 398 (2010) 49–56
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roSite-speciﬁc attachment of palmitate or stearate to cytoplasmic versus
transmembrane cysteines is a common feature of viral spike proteins
Larisa V. Kordyukova a, Marina V. Serebryakova b, Ludmila A. Baratova a, Michael Veit c,⁎
a A.N. Belozersky Institute of Physico-Chemical Biology, Moscow State University, Leninskie Gory 1-40, Moscow 119991, Russia
b Institute of Physico-Chemical Medicine, Federal Agency for Health Care and Social Development, Moscow 119992, Russia
c Immunology and Molecular Biology, Vet.-Med. Faculty, Free University Berlin, Philippstraβe 13, 10115 Berlin, Germany⁎ Corresponding author. Fax: +49 3020936171.
E-mail address: mveit@zedat.fu-berlin.de (M. Veit).
0042-6822/$ – see front matter © 2009 Elsevier Inc. A
doi:10.1016/j.virol.2009.11.039a b s t r a c ta r t i c l e i n f oArticle history:
Received 2 September 2009
Returned to author for revision
18 September 2009
Accepted 23 November 2009











MALDI-TOF MSMany glycoproteins of enveloped viruses are known to be “palmitoylated” at cysteines located either in the
transmembrane region or in the cytoplasmic tail. Although it was recognized early on that “palmitoylation”
is not speciﬁc for this carbon chain, the exact fatty acid composition of S-acylated proteins has been difﬁcult
to determine. Advancements in mass-spectrometry (MS) now allow one to quantify the fatty acids linked to
single acylation sites. We report that G of Vesicular Stomatitis virus contains palmitate at a cytoplasmic
cysteine, whereas F of Newcastle Disease virus and E1 of Semliki Forest virus (SFV) are stoichiometrically
acylated with stearate at a transmembrane cysteine. E2 of SFV contains three molecules of palmitate and one
molecule of stearate, the latter probably attached to a transmembrane cysteine. Thus, site-speciﬁc
attachment of palmitate or stearate, previously described only for HA of inﬂuenza virus, is a common
feature of viral spike proteins.
© 2009 Elsevier Inc. All rights reserved.Introduction
The covalent attachment of fatty acids in a thioester-type linkage
(S-acylation) is a widespread modiﬁcation of viral spike proteins. The
carbon chains are usually bound to cysteine residues, which are
located either in the cytoplasmic tail (CT) or in the transmembrane
region (TMR) of the respective protein (Rose et al., 1984; Schmidt
et al., 1988; Veit et al., 1991). S-acylation is a post-translational event,
whereby the coenzyme A (CoA) fatty acid esters serve as lipid donors
(Berger and Schmidt, 1984). For viral glycoproteins in transit from the
endoplasmic reticulum (ER) to the plasma membrane palmitoylation
occurs at a pre-Golgi site, i.e. after oligomerisation but before
carbohydrates are trimmed in the Golgi-apparatus (Bonatti et al.,
1989; Schmidt and Schlesinger, 1980; Veit and Schmidt, 1993). The
fatty acids are not required for stable membrane anchoring and
intracellular transport of the viral acylprotein. However, they might
cause localization of some acylproteins in membrane-rafts, nanodo-
mains of the plasma membrane enriched in cholesterol and
sphingolipids (Simons and Ikonen, 1997). Rafts are supposed to
recruit viral membrane proteins to facilitate assembly and budding ofll rights reserved.a wide range of viruses (Chen and Lamb, 2008; Schmitt and Lamb,
2004). In order to cause raft-targeting, the fatty acid might enhance
interactions of the acylprotein with raft-lipids, as suggested by recent
structural studies on cellular receptors. The X-ray structure of a
membrane-embedded beta2-adrenergic-receptor revealed a cluster
of ordered lipids consisting of six cholesterol and two protein-bound
palmitatemolecules at the interface of the dimeric receptor (Cherezov
et al., 2007). These studies suggest that receptor-bound palmitate
moieties, in concert with speciﬁc amino acids in the transmembrane
region of the acylated protein, enrich cholesterol in the vicinity of the
receptor.
However, not every palmitoylated viral spike protein is present in
detergent-resistant membranes (DRM), the often used, but contro-
versial biochemical correlate of membrane-rafts. Irrespective of
whether the acylated protein is localized in rafts or in the bulk
phase of the plasma membrane, covalently bound fatty acids can be
required for assembly and budding of viruses (Gaedigk-Nitschko et al.,
1990; Gaedigk-Nitschko and Schlesinger, 1990, 1991; Ivanova and
Schlesinger, 1993), affect virus entry via membrane fusion (Sergel and
Morrison, 1995) or have no discernible function for the replicative
cycle of the virus (Kotwal and Ghosh, 1984; Whitt and Rose, 1991).
Another often neglected issue concerning the biochemistry of
palmitoylation is the question which fatty acid species are linked to a
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chains which differ by only two C-atoms (e.g. palmitate (C 16:0) and
stearate (C 18:0)) show a signiﬁcant difference in their hydropho-
bicity. S-acylation is usually demonstrated by metabolic labeling of
viruses with [3H]-palmitate, since this fatty acid is predominant in
most acylproteins; hence, the term “palmitoylation” is often used for
S-acylation. It has been shown that [3H]-palmitic acid can be
converted into other fatty acid species of different chain length or
saturation before it is attached to the acylprotein (Schmidt, 1984).
Thus, if radioactivity derived from [3H]-palmitic acid labeling is
eventually detected in a given protein, it does not necessarily mean
that palmitic acid is exclusively or even predominantly present as the
protein-bound acyl chain species. Although it was recognized early on
that “palmitoylation” is not speciﬁc for this carbon chain (Schmidt,
1984; Veit et al., 1990), the exact fatty acid composition of S-acylated
proteins has been difﬁcult to determine. Most previous analysis relied
on chromatographic determination of protein-bound, [3H]-labeled
fatty acid. This allows a rough estimation of a protein's fatty acid
pattern, but it is not known whether the results obtained reﬂect the
actual fatty acid content of acylproteins. Furthermore, it cannot be
deduced from such analysis whether in acylproteins with multiple
acylation sites each cysteine has the same fatty acid content or
contains different carbon chains. Likewise, results from metabolic
labeling of proteins with [3H]-palmitate do not provide information
on the stoichiometry of acylation, i. e. whether a small subset of a
given protein is acylated or if all of its acylation sites are ﬁlled.
Advancements in mass-spectrometry now allow one to precisely
quantify the amount and the type of a fatty acid linked to an
acylprotein or even to a single acylation site (Kordyukova et al., 2004;
Serebryakova et al., 2006). Using this methodology we have reported
recently that cysteine residues located in the cytoplasmic region of the
hemagglutinating glycoproteins of inﬂuenza viruses are acylated with
palmitic acid, whereas stearate is exclusively attached to transmem-
brane cysteines (Kordyukova et al., 2008). Here we have analyzed
whether site-speciﬁc attachment of fatty acids occurs also in other
viral spike proteins. The analysis also allows us to draw conclusions on
the molecular signals which govern attachment of individual fatty
acids. Besides the position of the cysteine relative to the membrane
span of the protein, the length of the cytoplasmic tail might also affect
attachment of speciﬁc acyl chains, as we have previously proposed
(Veit et al., 1996).
Results and discussion
For the fatty acid analyses we have chosen three prototype viruses
which belong to different families and can be grown to titers
sufﬁciently high to allow MS-analysis of hydrophobic anchoring
segments of their glycoproteins. The selected proteins contain
potential or already established S-acylation sites, i.e. cysteine residues
located at various positions relative to the beginning of the
cytoplasmic tail, which was deﬁned as the ﬁrst charged amino acid
following a stretch of hydrophobic amino acids. The fusion protein F of
Newcastle disease virus (NDV), a paramyxovirus, contains a single
cysteine residue located in the cytoplasmic portion of its transmem-
brane region (Veit et al., 1989) (Fig. 1A). Cysteines at a similar position
have been identiﬁed as acylation sites of F from other paramyx-
oviruses (Arumugham et al., 1989; Caballero et al., 1998). The G-
protein of the vesicular stomatitis virus (VSV), a rhabodovirus, is also
acylated at a single cysteine (Rose et al., 1984), but this is located in
the cytoplasmic tail (Fig. 2A). Semliki Forest virus (SFV), a togavirus,
contains two acylated glycoproteins, E1 and E2, which assemble to
form the spike of the virus. Acylation of E1 at a single cysteine located
in the cytoplasmic portion of its transmembrane region has already
been demonstrated (Schmidt et al., 1988). E2 contains four cysteines
at various positions, one in the TMR, one in the cytoplasmic tail close
to the TMR and a pair further downstream in the cytoplasmic tail(Fig. 3A). The acylation sites of E2 of SFV have not been identiﬁed so
far, but cysteines at similar positions are acylated in E2 of the closely
related Sindbis virus (Gaedigk-Nitschko and Schlesinger, 1991;
Ivanova and Schlesinger, 1993). Furthermore, the length of the
cytoplasmic tails of the viral glycoproteins containing a single cysteine
in the TMR varies from very short (2 amino acids in E1 of SFV) to
relatively long (26 amino acids in F of NDV), which allows us to test
whether the length of the cytoplasmic tail inﬂuences selection of fatty
acid species (Veit et al., 1996). Furthermore, the analyzed glycopro-
teins differ in their sensitivity against extraction with Triton-X-100. F
of paramyxoviruses is present in detergent-resistant membranes
(Fleming et al., 2006; Laliberte et al., 2006; Vincent et al., 2000),
whereas the E1/E2 trimer is soluble in cold Triton (Scheiffele et al.,
1999). Conﬂicting results have been reported for the G-protein of VSV
(Pickl et al., 2001; Scheiffele et al., 1999).
Virions were grown in embryonated eggs (NDV) or in BHK-cells
(VSV and SFV), puriﬁed by density gradient centrifugation and
digested with proteases in non-reducing conditions to remove the
ectodomain of the viral glycoproteins. Coomassie staining of samples
before and after protease digestion showed that, depending on the
experiment and the virus, 70% up to 100% of the spike proteins were
removed from virus particles as shown in part B of Figs. 1–3. The
resulting subviral particles were extracted with chloroform/methanol
and the organic phasewas subjected toMALDI-TOFMS analysis. In our
previous studies we have shown that no MS-peaks corresponding to
the TMR of HA were detected in the hydrophilic (aqueous-
methanolic) phase although partitioning peptides in the insoluble
proteinaceous interphase could not be surely rule out. To elucidate
this issue, a protocol of quantitative extraction of the bromelain-
digested inﬂuenza virions with a mixture of non-ionic detergents
instead of chloroform/methanol was developed that revealed the
same acylation pattern for HA in the MS-spectrum as that with HA
obtained from the chloroform phase (Smirnova et al., 2009).
However, distribution of anchoring fragments between the
organic and hydrophilic phase probably depends on their actual
hydrophobicity and might thus vary between different viral spike
proteins. We have therefore analyzed the phase distribution of the
anchoring fragment of the F-protein of NDV, which contains the
longest cytoplasmic tail of the spike proteins analyzed in this study
and is thus supposed to be the most hydrophilic. However, no MS-
peaks corresponding to the TMR of F were detected in the hydrophilic
phase suggesting that it also distributesmostly into the organic phase.
Thus, with the described digestion and extraction procedure a very
large proportion of each TMR were analyzed in the MS-spectra and
thus the results obtained reﬂect the actual fatty acid composition of
the viral spike protein.
The mass spectrum of the fusion protein from NDV (strain Italian)
revealed ﬁve peaks with slightly different m/z values, which are
caused by cleavage of F by bromelain at penultimate serine and
threonine residues located just above the transmembrane region. The
major peak with the mass of 6647.9 matches the transmembrane
region and the entire cytoplasmic tail of F (amino acid 497 to 553)
with one attached molecule of stearic acid (Fig. 1C). Additional
medium-sized andminor peaks with lower or higherm/z values were
obtained and are due to proteolytical cleavage of F at amino acids 496
(m/z 6748.1), 498 (m/z 6559.8), 499 (m/z 6458.6), and 500 (m/z
6371.6). The m/z values of all of these fragments are consistent with
the attachment of stearic acid. Since only very minor peaks
corresponding to palmitoylated peptides were detected (one with
an m/z value of 6619.9 is highlighted in Fig. 1C), the cysteine residue
of F is (almost) stoichiometrically acylated with stearate. Likewise,
MS-analysis of a detergent extract of NDV (thus avoiding phase
separation of samples by organic extraction) revealed a peak
corresponding to a stearoylated transmembrane segment of F, but
no variants of that peptide containing palmitate were found (data not
shown). To conﬁrm stearate binding to cysteine 523 the major
Fig. 1.MALDI-TOF MS analysis of the fatty acids attached to the F-protein of NDV. (A) Amino acid sequence of the C-terminus of F indicating sites of cleavage by bromelain (arrows),
cysteines as potential acylation sites (bold) and the TMR (underlined). The size of the arrows approximately reﬂects the proportion of the identiﬁed peptide in the peptide mixture
based on the peptide ion peak intensity in theMS-spectrum. The largest arrow indicates the starting point of themain parent ion identiﬁed during theMALDI-TOFMS analysis (see C)
and subjected to the MS/MS sequencing (see D). (B) SDS-PAGE analysis under non-reducing conditions and Coomassie staining of the virus preparations before (−) and after (+)
digestion with bromelain and pelleting (100,000×g, 1,5 h, 4 °C) of particles. To conﬁrm localization of F1+2, which stains poorly with Coomassie, above the strong NP/P bands, the
intact virus particles were extracted with non-ionic detergent Igepal (NP-40). The resulting supernatant (extract) containing only the spike proteins F and HN as well as a fraction of
M (−) was digested with bromelain (+). SDS-PAGE showed that the F band shifts after the digestion to a lower mass indicating that the anchoring fragments were completely
removed. MW: molecular weight markers. (C) MALDI-TOF MS analysis. Mass spectrum obtained in reﬂector mode with pointed average masses is represented. The m/z value of a
parent ion subjected to the MS/MS sequencing (see D) is boxed. Quantiﬁcation of peaks from one analyzed virus preparation (three independent digestions) revealed 96.6 (±0.8) %
stearate and 3.4 (±0.8) % palmitate attached to the F-protein. (D)MS/MS sequencing of the C-terminal anchoring peptide of F. Shown is a part of theMALDI-TOF-TOFmass spectrum
of the parent ion from [F 497–553+1Stear] peptide (m/z 6647.9), boxed in C. A series of detected average masses and corresponding C-terminal daughter y-ions is designated. Their
matching to the amino acid sequence is depicted above the mass spectrum. A shift between the y30- and y31-ions equal tom/z value of Cys523 added to that of stearate (266 mass
units) is indicated by an arrow.
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was subjected to MALDI-TOF-TOF fragmentation analysis (MS/MS
sequencing, Fig. 1D). The y30 to y31 ion mass shift representing
cysteine 523 reveals an additional shift of 266 units. This is the mass
value of stearate and hence direct proof that stearate is linked to the
transmembrane cysteine 523, which has not been previously
identiﬁed as fatty acid attachment site in the F-protein of NDV.
Using thin-layer chromatography of protein-bound fatty acids
obtained from NDV-particles grown in [3H]-palmitate labeled cells,
we have previously also detected [3H]-stearate as protein-bound fatty
acid, but F was predominantly acylated with [3H]-palmitate (Veit
et al., 1989). Thus, analysis of protein-bound [3H]-fatty acids does not
(always) reﬂect the actual fatty acid content of an acylprotein,
probably because the proportion of [3H]-palmitate interconverted
into [3H]-stearate prior to attachment to F is not sufﬁcient to reﬂect
the ratio of actual (unlabeled) palmitate and stearate inside cells and
hence the amount of palmitate attached to a protein is overestimated.
Next we analyzed the fatty acid content of the G-protein of VSV.
After cleavage of puriﬁed virions (Fig. 2B) with bromelain, a multitude
of peaks of various intensities andm/z values were obtained (Fig. 2C).
The peaks were caused by proteolytical cleavage of G at multiple sites,
both outside and inside the virus particle. Three of these sites are
located in the ectodomain of G just above the transmembrane region
and four sites in the cytoplasmic tail. Different combinations of
internal and external cleavage sites produced the observed multitude
of proteolytical fragments. The major peak with anm/z value of 4576
represents amino acids 456 to 493 with palmitate attached to it. The
adjacent much smaller peak of 4603m/z represents the same peptide
with bound stearate. Likewise, the majority of the other intense peaks
are palmitoylated peptides from the TMR of G, as speciﬁed in Fig. 2B.To conﬁrm that the masses we observed by MALDI-TOF MS indeed
represent the TMR and CT of the G-protein, the major peptide was
analyzed by MS/MS sequencing. A series of average masses and
corresponding C-terminal daughter y-ions as well as N-terminal a-
ions were detected, which matched exactly the sequence of the TMR
and the adjacent part of the cytoplasmic tail of the G-protein.
Furthermore, the a33 to a34 ion mass shift representing cysteine 489
reveals an additional shift of 238 mass units, which is the mass of
palmitate (Fig. 2D). Thus, the G-protein of VSV is almost stoichio-
metrically acylated with palmitate at cysteine 489, which is located in
the cytoplasmic tail six amino acids distant from the transmembrane
region.
Finally, we analyzed the fatty acid content of E1 and E2 from
Semliki Forest virus. Digestion of puriﬁed virus particles with
subtilisin yielded two clusters of fragments with m/z values between
3400 and 3700 as well as between 9200 and 9800 (Figs. 3C and D). The
former represent the entire C-terminal fragment of E1, which contains
a very short cytoplasmic tail, the latter is the complete C-terminus of
E2 with its long cytoplasmic tail. The main peptide from E1 with the
m/z value of 3636 started at amino acid 406 and contained one
molecule of stearate, only a small peak of this peptide modiﬁed with
palmitate was observed (Fig. 3C). The minor peptide from E1
(residues 408–438) also contained stearate. Thus, E1 is primarily
acylated at cysteine 433 with stearate, as we have already suggested
before using less sophisticated technology (Veit et al., 1996).
MS analysis of E2 revealed two clusters of peptides, the major
fragments are derived by cleavage at amino acid 342, the minor
fragments start at amino acid 345. The m/z values of these peptides
indicate that they are modiﬁed with four fatty acid molecules, which
corresponds to the number of cysteines present in the TMR and CT of
Fig. 2.MALDI-TOF MS analysis of the fatty acids attached to the G-protein of VSV. (A) Amino acid sequence of the C-terminus of G indicating sites of cleavage by bromelain (arrows),
cysteines as potential acylation sites (bold) and the TMR (underlined). The size of the arrows approximately reﬂects the proportion of the identiﬁed peptide in the peptide mixture
based on the peptide ion peak intensity in the MS-spectrum. The two largest arrows indicate the starting and ending points of the main parent ion identiﬁed during the MALDI-TOF
MS analysis (see C) and subjected to the MS/MS sequencing (see D). (B) SDS-PAGE analysis under non-reducing conditions and Coomassie staining of the virus preparations before
(−) and after (+) digestion with bromelain and pelleting (100 000×g, 1,5 h, 4 °C) of particles. Note that NP and especially M were also (partially) degraded, indicating that the
protease had access to the interior of the virus particle. Leakiness of the viral membrane does also explain cleavage of G at its cytoplasmic tail. MW: molecular weight markers. (C)
MALDI-TOF MS analysis. Mass spectrum obtained in linear mode with pointed average masses is represented. Them/z value of a parent ion subjected to the MS/MS sequencing (see
D) is boxed. Quantiﬁcation of peaks from three virus preparation (six independent digestions) revealed 91.7 % (±2.2) palmitate and 8.3% (±2.2) stearate attached to the G-protein.
D: MS/MS sequencing of the G C-terminal anchoring peptide. Shown is a part of the MALDI-TOF-TOF mass spectrum of the parent ion from [G 456–493+1Pal] peptide (m/z 4576),
boxed in C. A series of detected average masses and corresponding C-terminal daughter y-ions as well as N-terminal a-ions is designated. Their matching to the amino acid sequence
is depicted above the mass spectrum. A shift between the a33- and a34-ions equal to m/z value of Cys489 added to that of palmitate (238 mass units) is indicated by an arrow.
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molecules of palmitate and one molecule of stearate. The secondmost
abundant peak (m/z 9593) contains two molecules of each fatty acid,
only tiny peaks with either four molecules of palmitate or one
molecule of palmitate and three molecules of stearate were detected
(Fig. 3C). The fatty acid composition of the minor proteolytical
fragment revealed a similar fatty acid composition, the fragment with
the m/z value of 9235 has three molecules of palmitate and one
molecule of stearate, whereas the smaller peptide (m/z 9262) has two
palmitates and two stearates attached.
Several attempts to identify the acylation sites of E2 directly by
MS/MS sequencing of the extracted anchoring fragment failed,
probably because the molecular weight of the fourfold acylated
peptide is too large. We therefore used the known sensitivity of
thioester-linked fatty acids to reducing agents to (1) prove the amino
acid sequence of the extracted peptides and (2) conﬁrm that the
cysteines serve as acylation sites. When the organic phase containing
the anchoring fragments of SFV was incubated with DTT and octyl-
glucopyranoside for at least 2 h, similar pairs of E1 and E2
proteolytical fragments were detected in the mass spectra, but the
peaks were shifted to lower masses. The m/z values of those
peptides indicated that they were completely deacylated (data not
shown). Subjecting the parent ion from the major deacylated peptide
of E2 (m/z value 8587, representing amino acids 342–422) to
MALDI-TOF-TOF fragmentation allowed us to identify amino acid
residues 387–403 spanning partly the TMR and CT regions (data not
shown). Treatment of the E2 peptides with DTT prior to MS-analysis
for shorter time periods revealed triple, double and single acylatedpeptides and also peptides without fatty acids (data not shown).
Furthermore, DTT treatment increased the relative stearate content
of each peptide. We have noted previously that stearate attached to
the transmembrane cysteine of HA is more resistant to reducing
agents than palmitate attached to cysteines in the cytoplasmic tail
(Serebryakova et al., 2006). Thus, we surmise that the transmem-
brane cysteine is also the attachment site for stearate in E2 of SFV.
Minor amounts of stearate might be attached to cysteine 395,
whereas the pair of cytoplasmic cysteines probably contains only
palmitate.
S-acylation is supposed to target viral proteins to membrane-
rafts, nanodomains of the plasma membrane enriched in cholesterol
and sphingolipids (Melkonian et al., 1999). We have hypothesized
that the longer and thus more hydrophobic acyl chain of stearate is
more important for raft-localization of proteins compared to the
shorter acyl chain of palmitate (Kordyukova et al., 2008). Insolu-
bility in cold Triton-X-100 has been used by many as a surrogate
marker for raft-localization of a given protein. However, the
signiﬁcance of the method is controversial, also while extraction
conditions are not standardized and therefore results obtained by
using different protocols can hardly be compared (Munro, 2003).
We have therefore determined the solubility of the glycoproteins
present in the virus preparations used here and also for Inﬂuenza A
virus analyzed previously (Kordyukova et al., 2008) with exactly the
same, published extraction procedure (Wagner et al., 2005). Virus
particles were incubated with 0.1% Triton-X-100 for 30 min at 4 °C,
insoluble glycoproteins and the viral capsids were pelleted by high-
speed centrifugation and similar amounts of the insoluble and
Fig. 3.MALDI-TOF MS analysis of the fatty acids attached to E1/E2 of SFV. (A) Amino acid sequence of the C-terminus of E1 and E2 indicating sites of cleavage by subtilisin (arrows),
cysteines as potential acylation sites (bold) and the TMR (underlined). The size of the arrows approximately reﬂects the proportion of the identiﬁed peptide in the peptide mixture
based on the peptide ion peak intensity in the MS-spectrum. (B) SDS-PAGE analysis under non-reducing conditions and Coomassie staining of the virus preparations before (−) and
after (+) digestion with subtilisin and pelleting (100 000×g, 1,5 h, 4 °C) of particles. MW: molecular weight markers. (C) MALDI-TOF MS analysis of E1. Mass spectrum obtained in
linear mode with pointed average masses is represented. Quantiﬁcation of peaks from four virus preparations (ten independent digestions) revealed 86.2 % (± 5.7) stearate and
13.8% (± 5.7) palmitate attached to the E1-protein. D: MALDI-TOF MS analysis of E2. Mass spectrum obtained in linear mode with pointed average masses is represented.
Quantiﬁcation of peaks from four virus preparations (ten independent digestions) revealed 67.0% (± 0.7) palmitate and 33.0% (± 0.7) stearate attached to the E2-protein.
Fig. 4. Extraction of virus particles with cold Triton-X-100. Virus particles were
incubated with ice-cold 0.1% Triton-X-100 and agitated for 30 min at 4 °C. Non-
extracted proteins were pelleted (120,000×g, 2 h, 4 °C) and similar amounts of the
supernatant (S) and the insoluble pellet (I) were subjected to SDS-PAGE in reducing
(VSV) or non-reducing (Flu A, NDV, SFV) conditions and Coomassie staining. MW:
molecular weight markers.
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staining (Fig. 4). As reported previously, the vast majority of HA
molecules is insoluble in cold Triton (Scheiffele et al., 1997; Takeda
et al., 2003). A large proportion of the F-protein of NDV is also
present in the Triton-insoluble fraction, which is in line with a
previous study on the F-protein of other paramyxoviruses (Fleming
et al., 2006; Laliberte et al., 2006; Vincent et al., 2000). In contrast,
the G-protein of VSV and especially the E1/E2 spike of SFV are
(almost) completely extractable with Triton-X-100, results which
are also consistent with most, but not all previous studies (Pickl et al.,
2001; Scheiffele et al., 1999).
The just cited studies were done mainly with cell-associated
viral glycoproteins, but extractability of spikes from virus particles
might be affected by constraints other than raft-localization.
Insolubility of viral spikes in detergent might be caused by
interactions between internal components of the virus and the
cytoplasmic tails of glycoproteins and/or by interaction networks
involving many viral components (Pantua et al., 2006). Thus, spikes
might be pelleted together with capsids, whether or not they are
associated with lipid-rafts. Although high-afﬁnity interactions
between spikes and capsids have been proposed early on in models
of virus budding (Simons and Garoff, 1980), they have been difﬁcult
to prove experimentally. The cytoplasmic tails of G from VSV, of F
from paramyxovirus and of HA from inﬂuenza virus can even be
deleted or substituted by unrelated sequences without detrimental
effects on virus budding (Jin et al., 1994; Schnell et al., 1998;
Waning et al., 2002). Furthermore, rhabdoviruses and paramyx-
oviruses form pseudotypes, virus particles that contain the coat
protein of one virus and the envelope proteins of another (Briggs
et al., 2003). These results suggest that the proposed interactions of
the cytoplasmic tails of most viral glycoproteins with capsids or
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which requires a speciﬁc interaction between a Tyr-X-Leu peptide
present in the cytoplasmic tail of the E2 glycoprotein with a
hydrophobic pocket in the C-protein and lateral interactions
between E1/E2 spikes for budding (Garoff et al., 2004). However,
in our experiments, the E1/E2 spike was completely extracted from
the viral envelope, despite the described high-afﬁnity interaction
network between all viral components. We thus consider it unlikely,
that the insolubility of HA and F in detergent is due to interactions
with other viral proteins, which are probably too weak to withstand
extraction with detergent. In addition, our observation about the
solubility of G and E1/E2 are supported by studies, which revealed
that raft-lipids are enriched in the envelope of NDV and inﬂuenza
virus (Munoz-Barroso et al., 1997; Scheiffele et al., 1999), but not in
the membranes of VSV and SFV (Kalvodova et al., 2009).
In summary, we report that site-speciﬁc attachment of palmitate
and stearate is a common feature of S-acylated glycoproteins of
enveloped viruses. F from NDV and E1 from SFV contain (almost)
exclusively stearate at a cysteine located in their TMRs, whereas G of
VSV is acylated with palmitate at a cytoplasmic cysteine. These results
corroborate our previous conclusion that the location of the acylated
cysteine relative to the transmembrane span might be the main
molecular signal controlling attachment of speciﬁc carbon chains
(Kordyukova et al., 2008). Furthermore, since the length of the
cytoplasmic tails of the stearoylated proteins E1 and F differ largely (2
versus 26 amino acids), it apparently has no decisive inﬂuence on
fatty acid selection (Veit et al., 1996). However, individual amino
acids in the vicinity of the transmembrane cysteine might affect fatty
acid selection, since different inﬂuenza virus HA subtypes containing
acylated cysteines at the same position differ moderately in the
amount of attached stearate (Kordyukova et al., 2008).
Since we detected no proteolytical fragments of spike proteins
which would represent non-acylated or underacylated peptides, we
surmise that every acylation site of these acylproteins is completely
ﬁlled with fatty acids. Thus, during their transit along intracellular
membranes, viral glycoproteins are stoichiometrically acylated and
the fatty acids remain stably attached during virus budding. This is in
contrast to many cellular acylproteins, where a rapid turnover of the
protein-bound fatty acids can be observed (Bijlmakers and Marsh,
2003). We have reported previously that puriﬁed acyl-protein
thioesterase (APT), an enzyme that deacylates cellular proteins, can
also cleave fatty acids from spike proteins of detergent-solubilized
viruses in vitro, e.g. from G of VSV and E2 of SFV (Veit and Schmidt,
2001). Since APT is localized in the cytosol and hence in principle
should have access to the cytoplasmic tails of viral spike proteins,
their acylation sites must be somehow shielded from the enzyme's
activity to maintain spikes completely acylated.
How a cell achieves site-speciﬁc attachment of palmitate and
stearate is not known. Enzymes responsible for acylation of viral
glycoproteins have not been identiﬁed, but members of the cellular
DHHC-CRD-family of palmitoyl-transferases, polytopic membrane
proteins present at diverse intracellular locations, are likely candi-
dates (Linder and Deschenes, 2007). Since in mammalian cells 23Table 1
Summary of results.
Viral protein Number of acylated cysteines Location of cysteines Length of the CT
VSV G 1 CT 29 aa
NDV F 1 TMR 26 aa
SFV E1 1 TMR 2 aa
SFV E2 4 1×TMR
3×CT
31aa
Flu A HA 3 1×TMR
2×CT
10–11 aa
Summary of our present and previous (Kordyukova et al., 2008) studies on site-speciﬁc at
transmembrane region, aa: amino acids, + and − indicate the extent of partition of the redifferent DHHC-CRD proteins have been identiﬁed, it is likely that
individual enzymes differ in their acyl-CoA and substrate speciﬁcities.
The active site of a DHHC-CRD protein with a speciﬁcity for stearoyl-
CoAmight penetrate deeper into themembrane to attach stearate to a
transmembrane cysteine compared to an enzymewith a speciﬁcity for
Pal-CoA.
The large number of different palmitoyl-transferases suggests that
protein-palmitoylation is a very speciﬁc and tightly regulated process
that fulﬁls vital functions for the cell. However, the role of the fatty
acid for the function of many transmembrane proteins, especially for
viral spike proteins, is still enigmatic. In this study we did not ﬁnd a
correlation between the number or the species of protein-bound fatty
acids and the partitioning of the modiﬁed spike protein into
detergent-resistant membranes (Table 1). The E1/E2 heterotrimer
contains 15 covalently linked fatty acids and six of them are stearate,
but the spike protein is nevertheless completely extractable with cold
Triton-X-100 from the viral membrane. In contrast, the F-trimer of
NDV contains only three fatty acid molecules, but is mostly present in
detergent-resistant membranes. Thus, S-acylation per se, either with
palmitate or with stearate, is not sufﬁcient to cause raft-localization of
a viral glycoprotein. However, once an acylated viral protein is present
in rafts, the fatty acids are necessary for that localization (Engel et al.,
In press; Simons and Ikonen, 1997).
Acylation of E1/E2 and G apparently does not inﬂuence the lipid
composition of the viral envelope either. Although the spike proteins
of SFV and VSV are modiﬁed by largely different amounts of palmitate
and stearate, the lipid composition of their membranes is almost
identical and very similar to the lipid composition of the plasma
membrane of BHK-cells, in which the viruses were grown (Kalvodova
et al., 2009). Thus, neither the spike proteins nor the fatty acids
attached to them select speciﬁc lipids during virus budding. However,
it is conceivable that the fatty acids lead to the enrichment of lipids in
the outer leaﬂet at the expense of their amount in the inner leaﬂet.
This might be necessary to induce curvature of the plasma membrane
at the viral budzone, a prerequisite for budding of enveloped viruses
(Chen and Lamb, 2008; Schmitt and Lamb, 2004).
Conclusion
Our present and previous (Kordyukova et al., 2008) MALDI-TOF
MS analysis revealed that site-speciﬁc attachment of palmitic acid to
cytoplasmic cysteines and of stearic acid to transmembrane cysteines
is a widespread feature of S-acylated spike proteins of enveloped
viruses. We suppose that the location of a cysteine in the hydrophobic
milieu of the membrane is the decisive factor for attachment of
stearate, whereas the length of the cytoplasmic tail has little inﬂuence
on fatty acid selection. However, conversion of a palmitoylated
protein into a stearoylated one (and vice versa) by changing the
location of the acylated cysteine is required to verify our assumption.
Fatty acid acylation per se, either with palmitate or with stearate, is
not sufﬁcient to localize a viral spike protein in detergent-resistant
membranes, the biochemical correlate of rafts. The results are
summarized in Table 1.Predominant fatty acid Number of fatty acids per spike Location of spike in DRM
palmitate 3 −/+
stearate 3 +/−
stearate 15 (for E1/E2) −
1×stearate
3×palmitate




tachment of palmitate and stearate to viral spike proteins. CT: cytoplasmic tail, TMR:
spective acylprotein into DRMs (detergent-resistant membranes).
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Virus growth and puriﬁcation
Newcastle Disease virus, strain Italian, was grown in the allantoic
cavities of 11-day old embryonated chicken eggs. Semliki Forest virus
and Vesicular Stomatitis virus (strain Indiana) were grown in BHK-
cells. The allantoic ﬂuid or the cell culture supernatant were harvested
after 18 h at 37 °C, clariﬁed by a low speed centrifugation (3500 rpm,
30 min), and virus particles were pelleted at 15000 rpm for 2 h at 4 °C
(J2 rotor). Virus particles were resuspended in TNE (10 mМ Tris–HCl,
100 mMNaCl, 1 mM EDTA, pH 7.2) and further puriﬁed through a 10–
50% continuous sucrose gradient in TNE for 16 h at 35000 RPM in a SW
40 rotor. Virus bands were collected, again pelleted (22,000 rpm, SW
28 rotor, 2 h at 4 °C) and resuspended in TE-buffer (100 mM Tris/HCl
pH 7.4, 1 mM EDTA). Purity of particles was checked by SDS-PAGE
(12% gel) and Coomassie-staining.
Extraction of virus particles with Triton-X-100
Virus particles (30 μl, approximately 100 μg protein) were
dissolved with 500 μl ice-cold 0.1% Triton-X-100 in 25 mM Tris/HCl,
150 mMM NaCl, 5 mM EDTA (pH 7.4) and agitated for 30 min at 4 °C.
Non-extracted proteins were pelleted (120,000×g, 2 h, 4 °C) and the
supernatant was removed. SDS (0.1%) and NP-40 (1%) were added to
the supernatant and proteins were precipitated by adding 500 μl of
TCA (20%). Precipitated proteins were pelleted (15000 RPM, 30 min,
4 °C), pellets were washed twice with ice-cold ethanol and air-dried.
Proteins were solubilized in 50 μl SDS-PAGE buffer with or without 5%
mercaptoethanol as indicated in the ﬁgure legend.
Preparation and extraction of subviral particles
Subviral particles were prepared by digestion of the puriﬁed
virions in the absence of reducing agents with bromelain (Brand and
Skehel, 1972) or subtilisin (Gibbons and Kielian, 2002) with
modiﬁcations. NDV virions were incubated with bromelain (Sigma,
B5144) in TE-buffer for 16 h at 35 °C using a virus to enzyme protein
ratio of 3:1 (0.5 mg/ml bromelain) and VSV was incubated with the
same enzyme for 0.5 to 1 h at 35 °C using a virus to enzyme protein
ratio of 4:1 or 8:1 (0.1–0.25 mg/ml bromelain). SFV virions were
incubated with subtilisin Carlsberg (Sigma, P5380) in TC-buffer (100
mMTris–HCl, 5mMCaCl2, pH 7.6) for 40 to 75min at 22 or 35 °C using
a virus to enzyme protein ratio of 2:1 or 4:1 (0.05–0.25 mg/ml
subtilisin). The reaction was stopped by adding the protease
inhibitors E-64 (N-(trans-Epoxysuccinyl)-L-leucine 4-guanidinobuty-
lamide) to a ﬁnal concentration of 10 μM in the case of bromelain or
PMSF (Phenylmethylsulfonyl ﬂuoride) to a ﬁnal concentration of 5
mM in the case of sublilisin. The subviral particles were pelletted
through a 20% sucrose cushion in TNE-buffer at 100000×g for 1.5 h at
4 °C (Beckman SW-50.1 rotor) to remove enzymes, resuspended in a
small volume of TNE-buffer and analyzed with SDS-PAGE.
Suspensions of the subviral particles in TNE-buffer (0.2 ml) were
mixed with 3 vol of chloroform-methanol mixture (2:1, v/v),
vortexed for 1–2 min, agitated in a shaker at room temperature for
30 min and were centrifuged at 1000×g for 5 min (Beckman Coulter
Microfuge 18). The lower (organic) phase was collected and mixed
with an equal volume of 50% acetonitrile/100 mM NH4HCO3, pH 7.5/
25 mM n-octylglucopyranoside (Sigma) for MS analysis.
To extract glycoproteins from the intact NDV virions a non-ionic
detergent Igepal (Sigma) was added to the suspension of virions to a
ﬁnal concentration of 1% (v/v), the mixture was incubated for 30 min
at 35 °C and centrifuged at 14 000 rpm for 30 min at room
temperature (Beckman Coulter Microfuge 18) to remove insoluble
material. To cut off the glycoprotein anchoring fragments, the
supernatant solution was adjusted to 0.25% of Igepal by TNE-bufferand incubated with bromelain for 1 h at 35 °C using the extracted F-
glycoprotein to bromelain ratio of about 1:1 (0.3 mg/ml bromelain).
MALDI-TOF mass spectrometry
Mass spectra were recorded on Ultraﬂex II MALDI TOF-TOF mass
spectrometer (Bruker Daltonik, Germany) equipped with a 355-nm
(Nd) laser. The MH+ molecular ions were measured in reﬂector or
linear mode as indicated in the ﬁgure legends, the accuracy of mass
peak measuring was 0.05%. Aliquots (1 μL) of the sample were mixed
on a steel target with an equal volume of a 2,5-dihydroxybenzoic acid
(Aldrich) solution (10 mg/mL in 30% acetonitrile/0.5% triﬂuoroacetic
acid), and the droplet was left to dry at room temperature. Everymass
spectrumwas obtained as the sum of at least 200 laser shots. At least 4
mass spectra for every probe were obtained. Fragment ion (TOF-TOF)
spectra were generated by laser-induced dissociation slightly accel-
erated by low-energy collision-induced dissociation using helium as a
collision gas. The correlation of the found average masses to peptides
and peptide fragments was interpreted with the help of GPMAW
(General Protein/Mass Analysis for Windows) 4.04 software (Light-
house data, Denmark, www.gpmaw.com) using 0.05–0.1% precision
as a criterion and Mascot Peptide Mass Fingerprint search (www.
matrixscience.com).
The proportion of palmitate among protein-linked fatty acids was
calculated from the MS peak intensities using the method developed
earlier (Serebryakova et al., 2006). For the proteins with one acylation
site (NDV F, VSV G, SFV E1) the proportion of palmitate (PP) was
deduced using the formula РP= IP×100%/(IP+ IS), where IP and IS
are the intensities of palmitoylated and stearoylated peptides,
respectively. For SFV E2 protein, that contains four potential acylation
sites, the intensities of peaks from quadruple acylated peptides were
measured and the proportion of palmitate was calculated as РP=
( I4P ×100%+ I3P1S × 75%+ I2P2S × 50%+ I1P3S × 25%) / ( I4P+ I3P1S
+ I2P2S+ I1P3S), where I4P, I3P1S, I2P2S and I1P3S are intensities of
peptides bearing 4 palmitates, 3 palmitates/1 stearate, 2 palmitates/2
stearates and 1 palmitate/3 stearates, respectively (peptides bearing
4 stearates were not detected). The proportion of stearate was
calculated as РS=100%−РP.
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